Objective: Multiple sclerosis (MS) is characterized by the local production of antibodies in the CNS and the presence of oligoclonal bands in the CSF. Antigen arrays allow the study of antibody reactivity against a large number of antigens using small volumes of fluid with greater sensitivity than ELISA. We investigated whether there were unique autoantibodies in the CSF of patients with MS as measured by antigen arrays and whether these antibodies differed from those in serum.
poly(ADP-ribose) polymerase-1 signaling pathway as important in the promotion of neuroinflammation. 18 Antigen arrays have been recently used to investigate the antibody response to lipids in the CSF of patients with MS and to follow the response to treatment with DNA vaccines. 8, 9, 19, 20 To date, antigen arrays have not been used to compare the autoantibody repertoire in matched CSF and serum samples and investigate the local production of autoantibodies in the CNS. Here, we used antigen arrays to investigate the antibody response in the CSF of patients with relapsing-remitting MS (RRMS) and the effect of treatment on the local CNS antibody response.
METHODS Patient samples. Paired CSF and serum sam-
ples were collected at the University Hospital, School of Medicine, University of Sevilla, from untreated patients with RRMS (n ϭ 20) or patients with RRMS treated with methylprednisolone (n ϭ 26) 2 months before sample collection. Note that both RRMS patient groups consist of different individual patients and do not include samples taken before and after treatment from the same patients. All patients with RRMS had intrathecal immunoglobulin (Ig) G secretion and IgG oligoclonal bands and did not have other autoimmune disorders. The clinical characteristics of the patients are listed in table e-1 on the Neurology ® Web site at www.neurology.org. Control samples (n ϭ 20) were taken from patients with other noninflammatory neurologic conditions (ONDs), including hydrocephalus, seizures, migraine, and depression. Note that the age in the control group is significantly higher than that in the RRMS group ( p Ͻ 0.05). The mean IgG index of both the untreated and steroidtreated patients with RRMS was higher than 0.7 and higher than the IgG index in the OND group ( p Ͻ 0.05), consistent with the production of significant amounts of IgG in the CNS that characterizes MS.
Standard protocol approvals, registrations, and patient consents. This study was approved by the institutional review board at Brigham and Women's Hospital. Written informed consent was obtained from all patients participating in the study. Antigen microarray production, development, and data analysis. The antigens listed in table e-2 were spotted in replicates of 6 on SuperEpoxy 2 slides (TeleChem, Sunnyvale, CA) as described previously. 5 The microarrays were blocked with 1% bovine serum albumin and incubated for 2 hours at 37°C with the test serum or CSF diluted 1 ⁄ 10 in blocking buffer. In preliminary experiments, we confirmed that the antigen arrays provide a linear response at this dilution, which can be inhibited by preincubation with increasing concentrations of soluble antigen (data not shown). 7 Similar observations have been made by other groups who have analyzed CSF antibody reactivities at a 1:10 -1:20 dilution with antigen arrays, 9, 20 or at a 1:1-1:15 dilution by ELISA. 21, 22 In clinical laboratories, the determination of the intrathecal synthesis of antibodies directed against viral or bacterial antigens by ELISA is done using different dilutions to analyze CSF and serum samples to compensate for differences in the immunoglobulin content of these specimens. Future studies should investigate whether the use of antigen microarrays for the determination of the intrathecal production of antibodies in a clinical setup requires the use of different dilutions to analyze serum and CSF samples as well.
Antigens
The arrays were then washed and incubated for 45 minutes with a 1:500 dilution of goat anti-human IgG Cy3-conjugated and goat anti-human IgM Cy5-conjugated detection antibodies (Jackson ImmunoResearch Laboratories). The arrays were scanned with a ScanArray 4000X scanner (GSI Luminomics, Billerica, MA). Raw data were normalized and analyzed using GeneSpring software (Silicon Genetics, Redwood City, CA). Antigen reactivity was defined by the mean intensity of binding to the replicates of that antigen on the microarray and is expressed as relative fluorescence units (RFU).
We have compared the sensitivity of the antigen-microarray technique with that of the standard ELISA technique using commercially available monoclonal and polyclonal antibodies directed against CNS, heat shock protein, and lipid antigens. 7 The antigen microarrays detect antigen reactivities at log 10 dilutions that were 1-2 logs greater than the reactivities detected using the ELISA method. 7 These results are consistent with published reports from other groups 6, 9 and demonstrate that the antigen microarray technique is more sensitive than a standard ELISA.
IgG antibodies reactive with varicella zoster virus (VZV) antigens are detectable in the CSF of patients with MS. 23 To validate the use of antigen arrays for the study of CSF antibodies, we performed a pilot experiment in which the IgG reactivity of CSF samples from RRMS and OND controls diluted 1 ⁄10 was analyzed using antigen arrays in which the ORF26 antigen from VZV was included. VZV-specific IgG positive reactivity was scored as 3 times the mean of background binding. VZV-specific IgG positive reactivity was found in 6 of 20 OND controls, compared with 10 of 11 RRMS samples ( p Ͻ 0.005). The average IgG reactivity of RRMS CSF samples to VZV ORF26 protein was significantly higher than that of OND CSF samples ( p Ͻ 0.005; figure e-1). These results are similar to those obtained when VZV-reactive IgG antibodies were measured in CSF by ELISA, 24 demonstrating that the antigen arrays and experimental conditions used in this study are appropriate to investigate CSF antibodies.
Calculation of IgG index and specific antibody index.
The IgG index was calculated as described previously, 21 using the following formula: (IgG in CSF/IgG in serum)/(albumin in CSF/albumin in serum) ϭ IgG index. The specific antibody index (AI) for each antigen was calculated based on the published method used to calculate the rMOG index, 21 using the following formula: (RFU in CSF/RFU in serum)/(albumin in CSF/albumin in serum) ϭ AI. Note that the AI was calculated using a formula that does not include the IgG levels. Therefore, the AI provides antigen-specific information, distinct from that provided by total antigen unspecific IgG intrathecal production. To define a sample as positive for intrathecal antibody synthesis against a specific antigen we established a cutoff equal to the mean ϩ 3 SD of the AI against that specific antigen measured in the OND control group.
RESULTS Different antibody repertoires are present in paired CSF and serum samples of patients with MS.
The production of intrathecal IgG antibodies is a hallmark of MS. To characterize the antibody response in the CNS, we analyzed paired CSF and serum samples from 20 untreated patients with RRMS using antigen arrays. The antigen arrays used in these studies included 334 myelin and inflammationrelated CNS antigens commonly associated with MS, CNS antigens associated with other neurologic diseases, and heat shock proteins (HSPs) (table e-2). As a first step in investigating the antibody reactivity in paired CSF and serum samples, we performed a principal component analysis (PCA) to study the relatedness of the immune response in paired CSF and serum samples from untreated patients with RRMS. In this type of analysis, the antibody reactivity in each sample (serum or CSF) is represented as a single point in a bidimensional space. The PCA of the antibody reactivity detected with antigen arrays revealed major differences in CSF and serum (figure 1). We found that the antibody reactivity in a given CSF sample was more similar to that of other CSF samples than to the reactivity of serum isolated from the same individual. These findings demonstrate the presence of a local antibody response in the CNS of patients with MS as measured by antigen arrays.
CSF antibodies in patients with MS recognize CNS
antigens and HSPs. To investigate the specificity of the antibody response in the CSF of patients with MS as measured by antigen arrays, we compared the reactivity of CSF antibodies in 20 untreated patients with RRMS with the reactivity in 20 CSF samples taken from patients with ONDs. Antibody binding to an antigen in the antigen microarray was scored as positive when the RFU was equal to or higher than the mean intensity ϩ 3 SD of the fluorescent signal directed against the same antigen detected in the CSF of OND samples. Using this approach, we found 115 antigens that were recognized by IgG or IgM antibodies in the CSF of at least one of the RRMS samples that we analyzed (table e-3, figure e-2). The distribution of these antibody reactivities was heterogeneous: all patients with RRMS had CSF antibodies that reacted with at least one antigen in the microarray, but whereas CSF samples from some patients reacted with only a few antigens in the array, others had antibodies that reacted with up to 64 antigens (table e-3, figure e-2). We found that, on average, CSF antibodies in untreated patients with RRMS reacted with 26.4 Ϯ 4.2 antigens (mean Ϯ SEM).
We then analyzed the frequency of the CSF antibodies to the self-antigens listed in table e-3 in RRMS and OND samples. We found that of 115 antigens recognized by CSF antibodies in at least one patient with RRMS (table e-3, figure e-2), antibodies directed against 29 antigens showed a significant increase in frequency in patients with MS vs OND controls (table 1). The targets of these antibodies were epitopes of the myelin antigens CNP, MBP, MOBP, MOG, and PLP (59%), HSP60 and HSP70 (38%), and the 68-kD neurofilament (3%).
CSF autoantibodies found in patients with RRMS are
produced in the CNS. The antibodies in the CSF of patients with MS can result from the passage of serum antibodies or can also be produced by B cells in the inflamed CNS. Indeed, B-cell activation and differentiation into antibody-producing plasma cells has been described in the CNS of patients with MS, and the intrathecal production of antibodies is a hallmark of MS. To analyze the intrathecal antibody production in patients with RRMS, we calculated a specific AI 21 for the antibodies listed in table 1. The AI was calculated as the ratio between the RFU for a specific antigen in CSF and serum, corrected by the ratio between albumin levels in the CSF and serum: (RFU in CSF/RFU in serum)/(albumin in CSF/ albumin in serum). As shown in table 2, the 29 CSF autoantibodies that had an increased frequency in patients with RRMS had an AI higher than 200 and also showed AI values significantly higher that those measured in OND samples, suggesting that they were locally synthesized in the CNS (table 2) . We found no correlation between the antibody reactivity in CSF and matched serum samples (data not shown). Thus, these data demonstrate that the CSF antibodies detected in patients with RRMS with antigen arrays are produced intrathecally.
Effect of methylprednisolone on the CNS antibody re-
sponse. An important question is whether these CSF antibodies change in response to treatment. Antigen arrays have been recently used to demonstrate that myelin-reactive antibodies change after treatment of patients with RRMS with a DNA vaccine coding for MBP. 8 IV administered methylprednisolone is commonly used to treat MS exacerbations. Thus, we asked whether treatment with steroids, a standard anti-inflammatory treatment given to patients with MS, was associated with changes in the CSF antibody response. We studied the intrathecal antibody response detected with antigen arrays in untreated patients with RRMS and in samples from patients with RRMS treated with methylprednisolone 2 months before sample collection. Note that both RRMS patient groups consist of different individual patients and do not include samples taken before and after treatment from the same patients. We found that patients with RRMS treated with methylprednisolone showed reduced mean antibody reactivity to those antigens that were preferentially recognized by untreated patients with RRMS ( figure 2A) . We also found a significantly reduced number of antigens targeted by antibodies ( figure 2B ) and lower AI ( figure  2C ) in CSF samples from methylprednisolonetreated patients with RRMS.
DISCUSSION Increased IgG levels in the CSF and oligoclonal bands are classic immune features of MS, but the reactivity of CSF antibodies and their response to treatment are not well understood. The specificity of the intrathecal antibody response in patients with MS and in particular its reactivity with myelin antigens is a matter of debate. Myelinreactive antibodies have been detected in the CSF of patients with MS, 25 but the identity of their target antigens differs, depending on the study. CSF antibodies have been reported to react with MOG, 26 MBP, 27 and PLP. 28 In addition, CSF B cells reactive with MBP, 29 MAG, 30 and MOG 31 have been found in patients with MS. However, it has also been reported that CSF antibodies do not react with MOG, MBP, or PLP. 25, 32 We used antigen arrays, a highthroughput method that shows high sensitivity, 6, 7 to analyze paired CSF and serum samples and investigate the local autoantibody response in the CNS. We found a CSF-specific antibody response in patients with RRMS directed against CNS antigens and Abbreviations: AI ϭ antibody index; MS ϭ multiple sclerosis; OND ϭ other noninflammatory neurologic condition. a Mean AI Ϯ SEM and frequency of intrathecal antibody production in MS and OND.
HSPs. Using a similar approach, antibodies to myelin antigens and lipids have been recently investigated in the CSF of patients with MS. 8, 9, 19, 20 Collectively, these data demonstrate the existence of autoantibodies in the CSF that react with peptides derived from myelin and nonmyelin CNS antigens. It remains to be determined whether these epitopes are targeted by antibodies in vivo during the course of MS. However, antibodies reacting with linear epitopes (peptides) from MOG and MBP have been detected in MS brain lesions 33 ; thus, it is possible that the antibodies detected with antigen arrays react with CNS-derived peptides in the lesions present in patients with MS. Because of their increased sensitivity, 6, 7 antigen arrays are likely to detect a higher number of selfreactive antibodies in CSF than those detected with other methods. However, the self-reactivity detected in CSF antibodies using antigen arrays is likely to underestimate the total autoreactivity of CNS antibodies in patients with RRMS, because CNS autoantibodies might be retained in the parenchyma as a result of antigen-specific or other interactions. 26 It is also possible that CSF antibodies recognize CNS antigens that were not included in our arrays.
Polyreactivity has been described for B cells and T cells in MS and other autoimmune disorders. 34 For example, monoclonal antibodies derived from the CSF of patients with MS have been reported to cross-react with CNS antigens that bear no sequence similarity. The analysis of the reactivity of Fab fragments generated from B cells clonally expanded in the CSF of patients with MS revealed that 2 of 9 MBP-reactive Fabs were also reactive to glial fibrillary acidic protein and 2Ј,3Ј-cyclic nucleotide 3Јphosphodiesterase, suggesting that a significant proportion of the self-reactive antibodies in the CSF are polyreactive. 35 Considering that most of the RRMS CSF samples analyzed in this study showed antibody reactivity to more than one antigen, it is possible that a fraction of the CNS-reactive CSF antibodies detected with antigen arrays are polyreactive.
We found that the CSF antibody response detected with antigen arrays was heterogeneous, i.e., different antigens were recognized by CSF antibodies in different patients. The CSF antibody response has also been found to be extremely heterogeneous when CSF samples from patients with RRMS were analyzed using 2-dimensional electrophoresis 36 or phage-displayed mimotopes. 37 Possibly, the intrathecal autoantibody response in RRMS results from the release of self-antigens during the T cell-mediated attack on the CNS. Alternatively, these autoantibodies could be a by-product of the local reactivation of Epstein-Barr virus or of B-cell activation by factors in the inflamed CNS (reviewed in Meinl et al. 38 ).
The role played by CSF autoantibodies in MS is unknown. CNS-reactive antibodies have been described as pathogenic or reparative 39, 40 or might be an epiphenomenon. However, because of its dependency on T helper cells, the production of IgG autoantibodies is likely to reflect the activity of the T-cell autoimmune response that contributes to the devel- Indeed, it has been recently reported that myelin-reactive antibodies change after modulation of the immune response in patients with RRMS with a DNA vaccine coding for MBP. 8 We found that steroid treatment was linked to a decrease in antibody reactivity, epitope spreading, and local synthesis of IgG in the CNS. Thus, these studies provide a new avenue to investigate the local immune response in the CNS and may identify biomarkers to monitor both disease progression and response to therapy in MS.
